The effect of composition and of surface properties on alcoholcoupling reactions was studied on Mg y AlO x catalysts using C 2 H 5 OH or 
CO isotopic switch methods, whereas the acid site densities were measured by TPD of NH 3 . The catalyst ability for activating H-H bonds was investigated by performing H 2 -D 2 steady-state equilibration reactions. Isotopic tracer studies were carried out in order to probe chain growth pathways in the synthesis of isobutanol. The rates and product selectivity for C 2 H 5 OH or CH 3 . Reactions leading to condensation products were also favored on Mg-rich samples, but they took place at much slower rates than those of the corresponding dehydrogenation reactions to aldehydes. This reflected the bimolecular and consecutive character of condensation reactions, which are affected not only by the catalyst acid-base properties but also by the chemical nature of the alcohols and steric factors.
INTRODUCTION
Copper-based catalysts are widely used to produce linear or branched higher alcohols from synthesis gas. Cu/ZnO/Al 2 O 3 catalysts selectively form methanol from CO/CO 2 /H 2 mixtures at low pressures (<5 MPa) and temperatures (<550 K) (1) . Other methanol synthesis catalysts also promote chain growth and the formation of higher alcohols from synthesis gas. For example, Cu-Co/ZnAl 2 O 4 catalysts give mixtures of methanol and linear C 2 -C 6 alcohols (2, 3) . Alkali species, especially those of Cs, increase the rate of formation of branched alcohols (4, 5) . Isobutanol (2-methyl-1-butanol) is preferentially formed because it is a kinetic endpoint of aldol-coupling reactions catalyzed by basic sites on these catalysts. The synthesis of branched alcohols from H 2 -CO mixtures have also been reported recently on K-and Cs-promoted Cu z Mg y CeO x catalysts (6) (7) (8) .
Isobutanol is a useful chemical and a potential precursor to isobutene and methyl-tert-butyl ether. Isobutanol synthesis requires several catalytic functions: (i) hydrogenation sites to form methanol and (ii) sites for C 1 to C 2 chain growth and C 2 + formation via different mechanisms catalyzed by basic sites aided by Cu sites (4, 9) . Methanol synthesis pathways on Cu have been widely studied, and there exists general agreement about the requirement for Cu metal sites and for CO 2 as a "co-catalyst" for the reaction of H 2 -CO mixtures (10, 11) . Chain growth pathways leading to branched alcohols on metal-base catalysts are more complex, depend on the detailed catalyst composition (4, 9) , and remain less clear. Specifically, identification of rate-determining steps in the overall reaction sequence for isobutanol synthesis and the specific basic sites required for such steps remain unclear.
Hydrotalcite-derived Mg-Al mixed oxides catalyze reactions requiring carbanion intermediates, such as aldol condensation reactions of aldehydes and ketones (12) (13) (14) , sidechain alkylations (15) , Knoevenagel condensations (16) , cyanoethylation of alcohols (17) , and double-bond isomerization of alkenes (18) . The surface acid-base properties of Mg/Al hydrotalcites decomposed in nitrogen and their catalytic properties depend on chemical composition and on the method used to decompose the hydrotalcite precursors (14, 18, 19) . Intermediate Mg/Al ratios lead to optimum catalytic properties for several reactions, but the optimum Mg/Al ratio for each reaction depends on the specific requirements for basic site density and strength. Schaper et al. (18) reported that Mg-Al hydrotalcites treated in air at 773 K show stronger basic sites and higher 1-pentene double-bond migration rates than pure MgO. Corma et al. (19) observed maximum isopropanol dehydrogenation rates on air-treated hydrotalcites with an Mg/Al ratio of 3. The rate of self-condensation of acetone to α,β-unsaturated ketones reaches a maximum on Al-rich samples (Mg/Al < 1) (14) , apparently as a result of contributions from aldol condensation pathways catalyzed by both basic and acidic sites.
In a previous study (20) , we examined the structural purity, site density, surface composition, and acid-base properties of Mg-Al catalysts prepared by decomposition of hydrotalcite precursors in nitrogen. Here, we describe the effect of composition and of surface properties on alcohol coupling reactions, using C 2 H 5 OH or 13 CH 3 OH/ 1-12 C 3 H 7 OH as reactants. The objectives of these kinetic and isotopic tracer studies were to establish the reaction steps required for alcohol chain growth and to ascertain the sites and structures required for the efficient catalysis of such steps.
The nature, density, and strength of acid and basic sites are probed by temperature-programmed desorption of NH 3 and CO 2 coupled with infrared spectra of adsorbed CO 2 . On Mg-Al mixed oxides, both the surface acid-base properties and the catalytic activity and selectivity depend on chemical composition. Mg-rich samples form predominantly aldehydes via dehydrogenation reactions, whereas Al-rich catalysts favor dehydration to ethers. Coupling products are formed via consecutive aldol condensation steps from aldehydic intermediates. Dehydration, dehydrogenation, and coupling reactions proceed through different mechanisms and require different surface active sites. The effect of chemical composition on the selectivity of Mg y AlO x samples is interpreted in terms of changes in the relative abundance of basic and acid sites required for chain growth pathways.
EXPERIMENTAL

Catalyst Preparation
Mg-Al hydroxycarbonate precursors with Mg/Al atomic ratios (y) of 0.5, 1, 5, and 9 were prepared by coprecipitation. An acidic solution of the metal nitrates with a total [Al + Mg] cation concentration of 1.5 M was contacted with an aqueous solution of KOH and K 2 CO 3 at a constant pH of 10. The two solutions were simultaneously added dropwise to 300 ml distilled water kept at 333 K in a stirred batch reactor. The resulting precipitates were aged for 2 h at 333 K in their mother liquor and then filtered, washed thoroughly with 300-500 ml deionized water at 373 K, and dried at 348 K overnight. The residual potassium content in all dried samples was below 0.1 wt%. Hydrotalcite precursors were decomposed in N 2 at 673 K for 4 h in order to obtain the corresponding Mg-Al mixed oxides (Mg y AlO x ). Pure MgO and Al 2 O 3 were prepared following the same procedure.
Catalyst Characterization
The crystalline phases in the precipitated hydrotalcites before and after decomposition were determined by X-ray diffraction (XRD) using a Shimadzu XD-Dl diffractometer and Ni-filtered Cu Kα radiation. BET surface areas (S g ) were measured by N 2 physisorption at its boiling point using a Quantachrome Nova-1000 sorptometer. Elemental compositions were measured by atomic absorption spectroscopy (AAS). CO 2 adsorption site densities and binding energies were obtained from temperature-programmed desorption (TPD) of CO 2 preadsorbed at room temperature. Samples (50 mg) were treated in He (∼100 cm 3 /min) at 723 K for 0.3 h and exposed to 0.1% CO 2 /0.1% Ar/He (Cambridge Isotope Laboratories Inc.) for 0.15 h at room temperature (RT). Weakly adsorbed CO 2 was removed by flowing He at RT, and the temperature was then increased to 723 K at 30 K/min. CO 2 concentrations in the effluent were measured by mass spectrometry (MS).
Basic site densities were also measured by 13 CO 2 / 12 CO 2 isotopic switch methods that give the number of sites available for reversible adsorption-desorption of CO 2 at typical reaction temperatures, as described in detail elsewhere (8, 20) . Samples were exposed to a 0.1% 13 CO 2 /0.1% Ar/He (Cambridge Isotope Laboratories, Inc.) stream at 573 K until 13 CO 2 reached a constant concentration in the effluent (0.5 h). Then, the flow was switched to 0.1% 12 CO 2 /He (Cambridge Isotope Laboratories, Inc.). The resulting decrease in the surface concentration of 13 CO 2 , as it was replaced by 12 CO 2 , was followed by mass spectrometric analysis of 13 CO 2 and Ar concentrations in the effluent stream as a function of the time elapsed after the isotopic switch. Ar was used as an internal standard in order to correct for gas holdup and hydrodynamic delays within the apparatus.
Acid site densities were measured by TPD of NH 3 preadsorbed at room temperature. Samples (150 mg) were treated in He (∼100 cm 3 /min) at 723 K for 0.5 h and exposed to a 0.93% NH 3 /He stream until saturation coverages were reached. Weakly adsorbed NH 3 was removed by flowing He at RT for 0.5 h. Temperature was then increased to 773 K at 10 K/min, and the NH 3 concentration in the effluent was measured by mass spectrometry. 3 /min. The circulating stream was sampled after various contact times by syringe extraction. Reactants and products were analyzed using a dual-detector gas chromatograph (Hewlett-Packard, Model 5890 II Plus; FID/TCD detectors). Gas samples were analyzed by flame ionization after separation with a 5% phenyl methyl-silicone capillary column (HP-1, 50 m, 0.32 mm diameter, 1.05 µm film thickness) and by thermal conductivity after separation in a Porapak Q packed column (1.8-m length, 0.32-cm diameter). Mass spectrometry was used after chromatographic separations in order to confirm the chemical identity of individual chromatographic peaks and to measure the number and position of 13 C within reactants and products (HewlettPackard, Model 5890 II Plus GC; Hewlett-Packard, Model 5972 Mass Selective Detector). The 13 C content and the isotopomer distributions of reactants and products were obtained from mass spectrometry data using matrix deconvolution methods that account for natural 13 C abundance and for mass fragmentation patterns (22) .
Catalytic Reactions
RESULTS AND DISCUSSION
Catalyst Characterization
The precipitated hydrotalcite precursors showed diffraction patterns consistent with the presence of a crystalline hydrotalcite structure (ASTM . The diffraction pattern for the sample with an Mg/Al ratio of 9 also showed an additional Mg(OH) 2 phase (ASTM 7-239).
The physiochemical properties of the hydrotalcite samples after decomposition at 673 K are shown in Table 1 , Mg-Al hydroxycarbonate precursors evolve CO 2 and H 2 O during thermal decomposition; this rapid gas evolution leads to the formation of a well-connected network of small pores with significant surface area (100-300 m 2 /g). The intimate contact between Mg and Al cations in the hydrotalcite structure is preserved during decomposition and leads to the formation of well-mixed Mg y AlO x binary oxides. Their surface areas increase with increasing Al content, apparently because the carbonate content and thus the amount of CO 2 formed during decomposition are proportional to the Al content (23) .
Basic site densities measured by 13 CO 2 / 12 CO 2 isotopic exchange at 573 K on MgO, Al 2 O 3 , and Mg y AlO x samples are shown in Table 2 . These measurements reflect the number of adsorption sites that can bind CO 2 reversibly at typical temperatures of catalytic reactions. This method does not count basic sites that are strong enough to bind CO 2 irreversibly at this temperatures or sites that bind molecules too weakly and desorb CO 2 with characteristic times shorter than those detected in these measurements (∼2 s). The surface density (per m 2 ) and the total number (per g) of sites capable of reversible CO 2 chemisorption are higher on pure MgO than on Mg y AlO x samples and very low on pure Al 2 O 3 ( Table 2 ). Small amounts of Al decrease the (20) . The presence of more electronegative amorphous AlO x domains or isolated species on MgO blocks CO 2 adsorption sites, and it is likely to account for the strong effect of Al on the density of surface sites. At higher Al/(Al + Mg) ratios (0.2-0.5), the nucleation of a separate stable Al-rich phase provides a thermodynamic sink for Al 3+ cations, and the density of basic sites increases as Al migrates from MgO surfaces to the Al-rich phase to reach a second maximum for the Mg 1 AlO x sample.
In this composition range, the Al 3+ cations located in the MgO framework create a defect in order to compensate the positive charge generated, and the adjacent oxygen anions become coordinatively unsaturated; as a result, the solid solution displays higher basicity. In Al-rich samples (sample Mg 0.5 AlO x ), the nucleation of a separate bulk MgAl 2 O 4 spinel lacking basic surface oxygens causes the basic site density to decrease again at higher Al contents. We have also observed this decrease in basic site density at high Al contents by XPS, and chemisorption and TPD of CO 2 (20) , as also reported by others (24, 25) for a more narrow compositional range.
The distribution of binding sites with basic properties was determined by temperature-programmed desorption (TPD) of CO 2 preadsorbed at RT on MgO, Mg y AlO x , and Al 2 O 3 . The TPD profile for Mg 1 AlO x ( Fig. 1) shows that CO 2 desorbs in three overlapping peaks, as also observed on all other samples except Al 2 O 3 . These features are referred to as α-(low-temperature), β-(intermediate temperature), and γ -(high-temperature) peaks in the discussion that follows. The relative contributions from these three types of adsorbed CO 2 were obtained by deconvolution of the experimental TPD profiles and integration of the three desorption features. Although CO 2 desorption follows a first-order kinetics, we have used for simplicity Gaussian functions for the deconvolution of the TPD traces. The adsorbed CO 2 surface densities are shown in Table 2 for all samples.
The complex TPD profiles suggest that MgO and Mg y AlO x surfaces are nonuniform and contain several types of adsorbed CO 2 . Infrared spectra of CO 2 adsorbed on MgO and Mg y AlO x (20) detected three distinct adsorbed structures, located on surface sites with different structures and basic strengths. Bicarbonates form on weakly basic OH groups, bidentate carbonates adsorb on Mg-O site pairs with accessible cations, and unidentate carbonates on strongly basic surface O 2− anions. These combined IR and TPD data led us to assign the desorption peaks to CO 2 species adsorbed on OH groups (α-peak), Mg-O pairs (β-peak), and O 2− anions (γ -peak). With this assignment, the data on Table 2 Table 2 ). The total amount of CO 2 evolved during TPD (column 6 in Table 2 (Fig. 1) shows that NH 3 desorbs in two overlapping peaks, as also observed for all other Mg y AlO x samples and pure MgO and Al 2 O 3 . The low-(B-peak) and high-temperature (L-peak) peaks are assigned to Brønsted and Lewis surface acidic sites, respectively. The NH 3 surface densities for Brønsted and Lewis sites were obtained by deconvolution and integration of the TPD traces and are presented in Table 2 , column 9. The total adsorbed NH 3 surface density is low on MgO and Mg-rich samples, but it increases with increasing Al content reaching a maximum at 1 vs T sigmoid-shaped curves are shown in Fig. 2 . Magnesiumrich samples (MgO and Mg 9 AlO x ) are clearly more active than samples with the highest Al content (Mg 1 AlO x , Mg 0.5 AlO x , and Al 2 O 3 ). At the temperature of our alcohol conversion catalytic studies reported below (573 K), the Mg 9 AlO x sample gave the highest H 2 -D 2 equilibration rate.
H 2 -D 2 equilibration rates depend on the surface concentration of H and D and on the distance away from isotopic equilibrium (30) . For Langmuir-Hinshelwood mechanisms via dissociative H 2 and D 2 adsorption, the HD formation rate for a 5% D 2 /5% H 2 /Ar reactant mixture is given by
where k s (µmol/atm min m 2 ) is the apparent first-order kinetic constant per unit of surface area, K is the equilibrium constant (K ≈ 4 throughout the experimental temperature range), and X D 2 is the D 2 conversion. From the design equation for an isothermal plug-flow reactor, we obtain
The k s values on all catalysts were obtained by integrating Eq. [2] using rate data obtained at X D 2 values lower than 0.1. Figure 3 (33) proposed instead that active sites on MgO consist of electron-deficient paramagnetic centers vicinal to surface OH groups with no direct participation of metal cations. These later authors showed that for temperatures lower than 300 K, pure MgO catalyzes the H 2 -D 2 equilibration reaction but is almost inactive for exchanging surface hydrogen with gas-phase D 2 . In the case of alumina, Kazansky et al. (36) proposed that the heterolytic H 2 dissociation occurs on unstable Al + -O − pairs with subsequent formation of surface aluminum hydrides. They also showed that at temperatures lower than 300 K Al 2 O 3 catalyzes H-D exchange reactions, but it does not dissociate H 2 significatively. From previous reports and the results described above, it appears that the higher activity of Mg-rich samples in H 2 -D 2 equilibration reactions (Fig. 3) Ethanol conversion rates decreased with time-on-stream on both MgO and Mg y AlO x samples (to ∼50% of initial rates after 10 h), but no deactivation was observed on the Al 2 O 3 sample. The effect of contact time on the product distribution on Mg 1 AlO x was determined in order to identify primary and secondary reaction pathways. The observed deactivation, however, required that each data point be obtained on a fresh catalyst and that initial product yields be obtained by extrapolating to initial time-on-stream using semi-logarithmic plots. These initial yields, η 0 i , and the corresponding initial ethanol conversion values are shown as a function of contact time in Fig. 5 . The local slopes of the curves in Fig. 5 give the rate of formation of each product at a specific ethanol conversion and residence time. The nonzero initial slopes for acetaldehyde, diethylether, and ethylene show that they form directly from ethanol via dehydrogenation, coupling followed by dehydration, and dehydration reactions, respectively. Diethylether and ethylene yields increase monotonically with increasing residence time, because they react slowly in secondary reactions, but acetaldehyde reaches a maximum concentration as it converts to larger oxygenates in secondary condensation reactions with increasing residence time. The initial zero slope of the n-butyraldehyde yield curve is consistent with its formation via the secondary condensation of primary acetaldehyde products. n-Butanol becomes the predominant product at longer contact times. The sigmoidal shape of the n-butanol yield curve (Fig. 5) and its low but nonzero initial slope suggest that n-butanol forms via two or more parallel pathways, such as direct condensation of ethanol and sequential paths involving hydrogenation of the n-butyraldehyde formed via acetaldehyde condensation steps. Ethyl acetate was also detected in low concentrations among reaction products (yield curves not shown in Fig. 5 ).
FIG. 6. Reaction network for ethanol conversion reactions.
These results and previous literature reports (4, 8, 20, 37, 38) lead us to propose the reaction network described in Fig. 6 . In this scheme, ethanol is converted on Mg y AlO x samples predominately via dehydrogenation, aldol coupling, and dehydration reactions. Acetaldehyde forms via ethanol dehydrogenation (step III). Aldol intermediates formed from acetaldehyde condensation (step IV) dehydrate to form α,β-unsaturated aldehydes (crotonaldehyde), which rapidly hydrogenate to n-butyraldehyde (step VIII) using H 2 formed in ethanol dehydrogenation steps. This aldol intermediate can also decompose to acetone or 2-propanol via reverse aldol coupling (steps X and XIV) after an intramolecular hydride shift leading to the keto form (step VII) (8) . n-Butanol can form via direct condensation of ethanol (8) (step VI) or by hydrogenation of n-butyraldehyde (step IX), but the latter pathway is thermodynamically unfavored at the low H 2 concentrations prevalent during ethanol reactions. Ethylene is formed by monomolecular dehydration of ethanol (step I). Diethylether is formed in bimolecular dehydration steps (step II), and it can react further to form alkanes and alkenes (step XV) on acid sites, using pathways similar to those reported for dimethylether and methanol conversion to hydrocarbons. Ethylacetate forms via Tischenko-type reactions between aldehydic and alkoxide adsorbed species (step V) (39, 40) .
Reaction Pathways of 13 CH 3 OH/1-12 C 3 H 7 OH Mixtures on MgO, Al 2 O 3 , and Mg y AlO x Samples
Isotopic tracer studies using 13 CH 3 OH/1-12 C 3 H 7 OH mixtures were carried out in order to probe chain-growth pathways involved in the synthesis of higher alcohols, especially isobutanol (2-methyl-1-propanol) on Mg y AlO x . Product yields (η i = n i /n 0 T , where n i is the moles of product i and n 0 T is the total initial moles of reactants) are shown in Fig. 7 for Mg 1 AlO x as a function of W t/n 0 T , where W is the catalyst weight and t the reaction time. The local slope for each product in Fig. 7 gives its rate of formation at a specific value of reactant conversion and contact time. The predominant reaction products are propionaldehyde (C 3 H 6 O), methyl-propyl ether (CH 3 propionate, butenes, 2-methyl-1pentanol (iso-C 5 H 11 OH), and 3-pentanone (C 2 H 5 (CO)C 2 H 5 ).
On Mg 1 AlO x , propionaldehyde was the main reaction product; dehydrogenation reactions occurred faster than dehydration or chain growth. The nonzero initial slopes for C 3 H 6 O, CH 3 OC 3 H 7 , CH 3 OCH 3 , C 3 H 6 , and C 3 H 7 OC 3 H 7 show that these products form directly from the methanol and 1-propanol reactants. Isobutyraldehyde yields, however, show a zero initial slope. As in the case of 1-butanol formation from ethanol (Fig. 5) , the low but nonzero initial slope for isobutanol formation from 1-propanol/methanol mixtures (Fig. 7) suggests that the reaction involves parallel paths. In this case, such paths include the direct condensation of methanol-derived surface intermediates with 1-propanol and/or with the propionaldehyde formed in primary 1-propanol dehydrogenation reactions. The 13 C-content in 1-propanol and methanol and in the major products of their reactions was measured by mass spectrometry after chromatographic separation using a capillary column. The measured isotopic contents in reaction products formed on Mg 1 AlO x are shown in Table 3 . The results of these isotopic tracer studies (Table 3 ) confirmed the reaction sequence described in Fig. 8 and previously inferred from the observed effects of residence time on product yields (Fig. 7) .
1-Propanol and all reaction products derived directly from 1-propanol are predominantly unlabeled (Table 3). Propionaldehyde forms by dehydrogenation of 1-12 C 3 H 7 OH (step VIII) and shows no detectable CH 3 OH (step II). The identity of the 13 C 1 intermediate required is unclear, and adsorbed formyl or methoxy species and gas-phase formaldehyde have been proposed (8) . We did not detect formaldehyde among reaction products because of its high reactivity, but the presence of 13 CO among products suggests that 13 CH 3 OH dehydrogenation to H 2 13 CO is likely to occur as an intermediate step in the decarbonylation of methanol to 13 CO (steps V and VI). Some dimethylether molecules (about 10%, Table 3 ) contain only one 13 C; this is higher than expected from the number of methanol precursors with 12 C. It appears that unlabeled methanol and singly labeled dimethylether can also form via a 12 C 1 intermediate derived from C-C bond cleavage in aldol intermediates formed from two 12 C 3 H 6 O, after the latter undergo intramolecular hydrogen transfer (aldolketo isomerization) and reverse aldol reactions (steps XIII, XVI, and XVII).
When products form via cross-coupling reactions, the position of the 13 C-atom can reveal mechanistic details not available from the 13 C-content alone. The most abundant cross-coupling products were methyl-propyl ether, isobutyraldehyde, and isobutanol. The single 13 C in methylpropyl ether was located at the methyl carbon and directly bonded to the ether linkage, as expected from the bimolecular dehydration of 1-propanol and methanol (step III).
Isobutyraldehyde and isobutanol contained predominantly one 13 C (94.2%, 94.6%; Table 3 ). Their similar 13 Ccontents suggest that they arise from a common reaction intermediate, which in turn forms via condensation reactions of one C 1 species derived from 13 CH 3 OH and one C 3 species derived from 1-12 C 3 H 7 OH (e.g., steps IX and X, XI or step VII). The amounts of unlabeled isobutyraldehyde and isobutanol detected are very similar, and they correspond to those expected from the presence of some 12 C in methanol and some 13 C in 1-propanol, both of which arise from reverse aldol reactions.
The fragmentation pattern of isobutyraldehyde products shows that the 13 C is located predominantly in the CH 3 group (16 amu), with a much smaller but detectable amount in the CH= =O (29, 30 amu) fragment. The presence of 13 C in the aldehydic fragment confirms the formation of some isobutyraldehyde via dehydration of intermediates (step XIX) after isomerization from aldol to keto forms (step XVIII). These pathways involve the retention of the oxygen atom in 13 CH 3 OH within the aldehyde condensation product; they have been shown to occur during the synthesis of branched alcohols from CO and H 2 on CsCu/ZnO (41) and K-Cu z Mg 5 CeO x (8, 21) .
The location of the 13 C-atom in isobutanol can be measured by comparing the spectra for unlabeled isobutanol (Fig. 9a) with that of the isobutanol formed during reaction (Fig. 9b) . Unlabeled isobutanol shows a peak at 31 amu, corresponding to (CH 2 OH) + fragments formed by cleavage of the C-C bond in the β-position to the oxygen atom (42). This peak gives rise to another peak at 33 amu af- ter the transfer of two hydrogen atoms (CH 3 -O + H 2 ) (42). The peak at 31 amu is less intense than in linear alcohols because the isopropyl fragment formed from isopropanol (43 amu) is branched and leads to a much more stable positively charged fragment. The fragment at 15 amu in the unlabeled isobutanol spectrum corresponds to the methyl group. Figure 9b shows the mass spectrum for isobutanol formed from 13 CH 3 OH/1-12 C 3 H 7 OH mixtures on Mg 1 AlO x and containing mostly singly labeled molecules. This spectrum contains peaks at 31 and 33 amu, as in the unlabeled spectrum, and very small peaks at 32 and 34 amu, which reflect the presence of 13 C in the OH-containing fragments. Isopropyl fragments in the isobutanol products appear at 44 amu, consistent with the presence of a single 13 C in this fragment. The spectrum in Fig. 9b also shows that the methyl group of isopropyl fragments contains about 50% of 13 C (peak at m/z = 16). These results show that the 13 C in labeled isobutanol is located in the methyl group of 13 CH 3 CH(CH 3 )-CH 2 OH species. In contrast with the findings for iso-C 4 H 8 O fragmentation, the amount of CH 3 CH(CH 3 )
13 CH 2 OH formed in step XX is negligible (32 or 34 amu peaks in Fig. 9b ). The absence of significant amounts of iso-C 4 H 9 OH labeled at the α-C suggests that cross-coupling reactions of methanol/1-propanol mixtures on Mg y AlO x samples occur mainly via a normal Guerbettype condensation (43, 44) (step VII or IX, X, and XI), and that the contribution of the aldol-keto equilibrium (steps XVIII, XIX, and XX) to iso-C 4 H 9 OH formation is negligible, probably because of the consecutive nature of step XX. Figures 10 and 11 show the product distribution for dehydrogenation and coupling reactions (Figs. 10a and 11a ) and for dehydration reactions (Figs. 10b  and 11b) . A comparison of the data in Figs. 10 and 11 suggests a similar effect of chemical composition on the product distribution from C 2 H 5 OH and CH 3 OH/C 3 H 7 OH reactants. While MgO and Mg-rich Mg y AlO x mixed oxides behave as solid basic catalysts and convert short-chain linear alcohols predominantly into aldehydes or higher alcohols, Al-rich Mg y AlO x samples and Al 2 O 3 mainly dehydrate alcohols to ethers and to a lesser extent to olefins.
Sample Composition
Pure MgO is active for dehydrogenation and coupling reactions but shows negligible dehydration activity. The introduction of small amounts of Al 3+ ions into the MgO matrix increases both dehydrogenation and condensation rates, but dehydrogenation (to form C 2 H 4 O or C 3 H 6 O) becomes the predominant reaction on Mg-rich samples (Figs. 10a  and 11a ). The required dehydrogenation steps occur much faster than chain growth reactions, which form higher alcohols and other oxygenates. For C 2 H 5 OH reactions, n-C 4 H 9 OH is the main coupling product and it forms at the highest rate on Mg 9 AlO x and Mg 1 AlO x (Fig. 10a) . Similarly, iso-C 4 H 9 OH is the predominant condensation product of CH 3 OH/C 3 H 7 OH cross-coupling reactions and shows maximum rates on Mg 9 AlO x and Mg 0.5 AlO x (Fig. 11a) . Even though dehydration rates to olefins and ethers increase with increasing Al content (Figs. 10b and 11b) , none of the samples was very active for olefin synthesis (C 2 H 4 or C 3 H 6 ) and ethers were the predominant dehydration products (C 2 H 5 OC 2 H 5 , Fig. 10b , or CH 3 OCH 3 , CH 3 OC 3 H 7 , and C 3 H 7 OC 3 H 7 , Fig. 11b ). Pure Al 2 O 3 is about two orders of magnitude more active than any of the Mg y AlO x samples in alcohol dehydration reactions, but it does not form condensation products such as n-C 4 H 9 OH and iso-C 4 H 9 OH. In summary, the data shown in Figs. 10 and 11 show that both the total reaction rates and the product selectivity for C 2 H 5 OH or CH 3 OH/C 3 H 7 OH conversion reactions depend on the chemical composition of the Mg y AlO x samples. In turn, the chemical composition affects the acidbase properties of Mg y AlO x samples by modifying surface acid and base site densities and the distribution of strength for such sites. The data shown in Table 2 and the infrared spectra of adsorbed CO 2 reported elsewhere (20) (Fig. 1) . The results of isotopic switch measurements ( Table 2 ) also show that the contribution from Al 3+ -O 2− pairs to Al 2 O 3 surface basicity is not significant. The rest of this paper attempts to bring together into a cogent structure-function relationship the effects of sample composition on surface acid-base properties and on the rates of each major reaction pathway involved in alcohol conversion reactions on Mg y AlO x samples.
Dehydration of alcohols to olefins on Mg y AlO x samples can proceed through the two elimination mechanisms (E 2 and E 1cB ) shown in Scheme 1. The E 2 elimination is a single-step concerted mechanism, in which the OH group and the β-H are simultaneously abstracted by a Lewis SCHEME 1. Propylene formation mechanisms in methanol/1-propanol conversion reactions.
acid-Brønsted base pair site of balanced strength (like the Al 3+ -O 2− pairs in Al 2 O 3 ). This mechanism leads to the formation of olefins without involving ionic intermediates (45, 46 (Table 2) . Therefore, alcohol dehydration to C 2 H 4 or C 3 H 6 on these samples is more likely to proceed through an E 2 elimination mechanism. Pure alumina, a typical E 2 catalyst, is 10 2 -10 3 times more active in olefin synthesis from ethanol or 1-propanol than Mg y AlO x samples.
Both ethanol and methanol/1-propanol mixtures lead to ether/olefin molar ratios greater than one over the entire range of composition of Mg y AlO x samples, and these ratios increase with increasing Al content. Dehydration of primary alcohols to olefins is usually the predominant reaction on strongly acidic oxides, which contain small, highly charged cations (38) , whereas ether formation takes place on less acidic oxides (37, 48, 49) . Alcohol dehydration to olefins has a higher activation energy than the competitive dehydration to ethers, and it is favored at high reaction temperatures. Mg y AlO x samples are weakly acidic (Table 2) , and alcohol reactions were studied at relatively low temperatures; both of these contribute to the predominant formation of ethers on the Al 2 O 3 and Al-rich Mg y AlO x samples of this study.
Ether formation is a second-order reaction that involves the adsorption of two alcohol molecules on neighboring active sites offering different acid-base properties (20, 37) . As shown in Scheme 2, one alcohol molecule adsorbs through the oxygen of the OH group on a Lewis acid site, which is also involved in olefin formation via an E 2 mechanism (37). The other alcohol molecule adsorbs on a basic site via the hydroxylic hydrogen and forms an incipient surface alkoxide. On our Mg y AlO x samples, the active acid sites for ether formation from primary alcohols are probably the Al 3+ cations or even the acidic OH groups, as also proposed for zeolites (50) (Table 2) . These samples show Al surface enrichment, and the surface Al species provide additional Lewis centers to stabilize alkoxide intermediates. These results suggest that Al-O-Mg species may be particularly effective and abundant sites for dehydrogenation reactions on Mg-rich samples. In contrast, pure MgO contains a high density of isolated O 2− ions, which are strongly basic, but which lack sufficiently strong conjugated Lewis acid pairs to stabilize the alkoxy intermediates. As a result, pure MgO shows lower dehydrogenation rates than Mg-rich Mg y AlO x catalysts. The compositional trends observed for H 2 -D 2 equilibration rates (Fig. 3) (54) .
The dependence of dehydrogenation and condensation rates on catalyst composition (Figs. 10a and 11a) are qualitatively similar, suggesting that both reactions require common intermediates and similar acid-base surface properties. Condensation reactions also proceed via a combined mechanism in which the role of Al-O pairs is to increase the rate of formation of alkoxide intermediates and of the primary aldehyde products (Scheme 4). Pure alumina, however, does not form n-butanol or isobutanol, suggesting that SCHEME 3. Propionaldehyde formation mechanism in methanol/ 1-propanol conversion reactions. SCHEME 4. Isobutyraldehyde and isobutanol formation mechanism in methanol/1-propanol conversion reactions.
Al-O pairs, which can activate the C-H bond, do not promote the formation of C-C bonds required for aldol condensation reactions.
Reactions leading to n-C 4 H 9 OH (or n-C 4 H 8 O) and iso-C 4 H 9 OH (or iso-C 4 H 8 O) are much slower than ethanol and 1-propanol dehydrogenation reactions (Figs. 10a and 11a) . This reflects the bimolecular nature of condensation reactions, which require not only the proper acid-base pair sites but also a particular surface atom arrangement that can accommodate vicinal adsorbed species. This may also explain why the rate of formation of iso-C 4 H 9 OH via crosscoupling reactions of CH 3 OH and 1-C 3 H 7 OH (Fig. 11a) is lower than the rate of formation of n-C 4 H 9 OH in the selfcoupling reaction of ethanol (Fig. 10a) , because the former requires the adjacent adsorption of C 1 species and bulkier C 3 -derived species. Furthermore, substitution of the α-C in the aldehydic intermediates of aldol condensation reactions (C 3 H 6 O in Scheme 4) defines the stability of the carbanion formed and also explains the higher reactivity toward condensation of C 2 H 4 O compared to C 3 H 6 O. Also, as stated previously, formaldehyde was not detected among dehydrogenation products. Noller et al. (55) have shown using temperature-programmed reactions of pre-adsorbed methanol that on basic oxides, such as MgO, formaldehyde is decomposed to CO and H 2 immediately upon formation. In contrast, formaldehyde desorbs before decomposition on more acidic oxides. Therefore, on strongly basic oxide surfaces formaldehyde-type intermediates would be present in much lower concentrations, a situation that disfavors the cross-coupling reactions leading to isobutanol and isobutyraldehyde (step IX in Fig. 8 ).
CONCLUSIONS
The rates and product distributions for C 2 H 5 OH or CH 3 OH/C 3 H 7 OH reactions are strongly influenced by the composition of Mg y AlO x samples prepared by decomposition of hydrotalcite precursors. The rate of alcohol dehydration to ethers and olefins increases markedly with increasing Al content. Al-rich Mg y AlO x samples contain a high density of Al
3+
-O 2− site pairs and of moderate-strength basic sites, the combination of which promote the formation of ethylene or propylene from primary alcohols via E 2 elimination pathways. The parallel dehydration pathways to form ethers involve two adjacent alcohol-derived adsorbed species interacting with neighboring acid-base pair sites. On Mg y AlO x samples, the acid sites required for ether formation probably consist of Al Aldol condensation reactions on Mg y AlO x samples involve also the formation of a carbanion intermediate on Lewis acid-strong Brønsted base pair sites, and consequently they are also favored on Mg-rich samples. The formation rates of n-C 4 H 8 O and n-C 4 H 9 OH or iso-C 4 H 9 OH and iso-C 4 H 8 O are slower than dehydrogenation reactions because in bimolecular aldol condensations not only the acid-base surface properties are relevant but also the surface atom arrangement needed to adsorb adjacent species and the steric factors related to the chemical nature of the parent alcohols and aldehydic intermediates.
